L uminescent and stable organic radicals can display unusual electronic structures that are not only of fundamental interest, but can also be exploited in applications such as information storage, fluorescence probes or chemical sensors [1] [2] [3] . Recently, they have been exploited as emitters in organic light-emitting diodes (OLEDs) [4] [5] [6] , with potential for industrial applications in high-end flat panel displays or light sources. However, so far, while there exist several types of radical that are sufficiently stable to be isolated and stored under ambient conditions, very few of them are emissive [7] [8] [9] [10] [11] . The development of luminescent radicals thus faces three major challenges. (1) Given the absence of simple molecular-design principles, there are very limited examples of organic luminescent radicals, for example, the perchlorotriphenylmethyl (PTM) 11 and tris(2,4,6-trichlorophenyl)methyl (TTM) 12 radicals (Fig. 1) . (2) The luminescence quantum yields are generally low, of the order of 10% or lower [13] [14] [15] . (3) The photostability is poor; for instance, the halflives for the fluorescence intensities of the PTM and TTM radicals on ultraviolet irradiation are short (about 100-200 s) 8, 14 .
To improve the stability of radical molecules, a common and effective approach is to shield the radical site by using bulky substituents 16, 17 ; another strategy is to increase the delocalization of the unpaired electron over a large segment of the backbone 18, 19 . A recent focus of research on organic radicals considered the violation of the Aufbau principle, which was initially introduced by Niels Bohr in 1923 20 and dictates that 'a maximum of two electrons are put into orbitals in the order of increasing orbital energy' 21 ; violating the Aufbau principle of orbital occupation [22] [23] [24] [25] [26] has led to tremendously enhanced stability 26 . In the case of radicals with a non-Aufbau electronic structure, the singly occupied molecular orbital (SOMO) lies below the doubly occupied highest occupied molecular orbital (HOMO); namely, a SOMO-HOMO conversion/inversion (also referred to as a quasi-closed-shell system) occurs. However, radicals that violate the Aufbau principle and simultaneously emit light remain very rare.
In the present work, we have designed radical donor-acceptor (D-A • ) derivatives based on the electron-poor PTM or TTM radical moiety (A • ) combined with different electron-rich groups including 9-(naphthalene-2-yl)-9H-carbazole (NCz), 1,3-di(9H-carbazol-9-yl)benzene (PDCz) or phenyl-phenothiazine (PPTA) as donor (D) (Fig. 1) . As we show below, in the D-A • derivatives, the SOMO level (located on the PTM or TTM radical) lies below the doubly occupied HOMO level (located on the donor fragment); thus, the Aufbau principle is violated. The photostability and luminescence quantum yields of these D-A
• radicals are both significantly improved with respect to PTM or TTM. Although D-A
• luminescent radicals were reported in earlier investigations 5, 6, 10 , the radical molecules designed here represent examples where a nonAufbau behaviour is combined with high luminescence efficiency and high stability. Recently, we have shown highly efficient radicalbased OLEDs in which the doublet excitons in TTM-3NCz, which follows an Aufbau electronic structure, emit light 6 with electroluminescence internal quantum efficiencies approaching 100%. Our present work is also motivated by the quest to further improve the stability of D-A
• radical emitters through violation of the Aufbau principle. We find that the maximum external quantum efficiency (EQE) of a solution-processed OLED exploiting such a D-A
• radical derivative as the emitter reaches up to about 5.3 % (with a deepred/near-infrared (NIR) emission peak at about 700 nm), which is among the highest efficiencies for deep-red/NIR OLEDs based on purely organic emitters. Our work provides a simple moleculardesign strategy for organic non-Aufbau-radical emitters with high luminescence quantum yields and high photostability, and suggests a promising future for non-Aufbau-radical materials for optoelectronic applications. The molecular structures of the D-A • radicals we synthesized were confirmed by NMR, Fourier transform infrared spectroscopy and matrix-assisted laser desorption/ionization time of flight mass spectrometry (Supplementary Section S1). Their electronic structures were studied by means of electronic paramagnetic resonance (EPR), ultraviolet photoelectron spectroscopy (UPS), cyclic voltammetry (CV) measurements and quantum-chemical calculations.
According to the CV measurements (see Supplementary Table 1) , in all systems except TTM-3NCz, the oxidation potential of the A
• radical is larger than that of the D subunit. If the D-A • electronic structure were to follow the Aufbau principle, the electronic ground state would correspond to a charge-transfer (CT) configuration with the unpaired electron (hole) mainly localized on the D fragment. However, the EPR spectra of the D-A
• systems ( Supplementary Fig. 1 ) are very similar to that of the A
• radical, indicating that the unpaired electron is localized on the acceptor unit. Quantum-chemical calculations were further performed to assess the electronic structures of the radical derivatives; the computational details are given in Computational methodology. In the isolated PTM radical, the SOMO corresponds as expected to the highest occupied orbital (Fig. 2a) . Interestingly, in PTM3NCz, the SOMO remains mainly localized on the PTM moiety and lies below the HOMO orbital, which is mainly localized on the NCz segment (Fig. 2b) ; the Aufbau principle is thus clearly violated. Spin density calculations confirm that the unpaired electron in PTM-3NCz is indeed confined to the PTM segment (Fig. 2f) . It must be emphasized that the non-Aufbau ground-state electronic configuration calculated for PTM-3NCz at the density functional theory (DFT) level is confirmed when using multiconfiguration complete-active-space self-consistent field calculations ( Supplementary Fig. 2 ). The results of the quantum-chemical calculations also show that the energy (E CT ) of the CT configuration (Ψ CT (D •+ A − )), which would be expected to be formed according to the Aufbau principle, is significantly larger (>1 eV) than that of the neutral configuration (Ψ N (D-A
• )). As a result, the ground state of PTM-3NCz is dominated by the neutral electronic configuration with only a small contribution from the CT electronic configuration, namely,
, where the mixing coefficient α is small. Indeed, due to significant intramolecular steric hindrance, dihedral angle of about 90° occurs between the carbazole moiety and the perchlorophenyl unit connected to it; in turn, this significantly reduces the electronic coupling between the PTM and NCz segments, leads to negligible hybridization between their orbitals (Fig. 2b ) and results in very limited hybridization between the neutral and CT configurations (namely, a small α).
In TTM-3NCz, the oxidation potential of TTM is slightly smaller than that of NCz ( Fig. 3a and Supplementary Table 1 ). In addition, a much lower dihedral angle of about 40° between the carbazole unit and the connected dichlorophenyl facilitates the electronic coupling between donor and acceptor fragments. As a consequence, the wavefunctions of the frontier occupied orbitals are delocalized on the TTM and NCz segments (Fig. 2c) , with the SOMO located above the doubly occupied HOMO level; thus, the ground-state electronic configuration in TTM-3NCz follows the conventional Aufbau principle. We also note that, as a result of the larger electronic coupling, the α is much larger in TTM-3NCz than in PTM-3NCz; as discussed below, this leads to substantial differences between the absorption spectra of these two systems. Interestingly, when NCz is replaced with the stronger electron donor PPTA, namely, when, as in the PTM-3NCz case, the oxidation potential of the A
• radical is larger than that of the D subunit, a non-Aufbau SOMO-HOMO ordering is reproduced in TTM-PPTA (Fig. 2d) . For the same reason, a nonAufbau orbital ordering is also observed in PTM-PDCz (Fig. 2e) .
The violation of the Aufbau principle in the designed D-A
• radicals is also supported by CV and UPS data. Figure 3a and Supplementary Table 1 present the redox characteristics of the A
• radicals (such as PTM or TTM), the isolated D molecules (such as NCz or PPTA), the D-A
• radicals (such as PTM-3NCz, TTM3NCz or TTM-PPTA) and their hydrogenated precursors D-HA (Supplementary Scheme S2). For HPTM-3NCz, only one oxidation peak is observed at +1.26 V, which is in line with the +1.17 V value in NCz. For PTM-3NCz, an oxidation peak similar to that in HPTM-3NCz appears at +1.24 V. In addition, another oxidation peak as well as a new reduction potential feature appear at +1.60 V and −0.58 V, respectively; these features are not observed in HPTM-3NCz. Importantly, the oxidation potential at +1.60 V and the reduction potential at −0.58 V for PTM-3NCz are in excellent agreement with the redox characteristics of the PTM radical (oxidation potential at +1.57 V and reduction potential at −0.46 V), as shown in Fig. 3a and Supplementary Table 1 . Thus, the CV data are also fully consistent with the peculiar non-Aufbau electronic structure of the PTM-3NCz radical and with the DFT results that show only weak hybridization between PTM and NCz orbitals. We also note that, since the HOMO-1 energy is very close to that of the SOMO (separated by 0.02 eV according to the DFT calculations), the oxidation potential at +1.60 V could have contributions from both these levels. Similar CV results are found in TTM-PPTA and PTM-PDCz (Fig. 3a) . In contrast, in TTM-3NCz, the oxidation potential (+1.08 V) of TTM is slightly smaller than that (+1.17 V) of NCz, leading to a conventional Aufbau electronic structure. Interestingly, the +0.71 V oxidation potential of TTM-3NCz is significantly smaller than those measured for TTM (+1.08 V) and NCz (+1.17 V), indicating a significant hybridization between the TTM and NCz orbitals and thus a larger contribution (a larger α) of the CT configuration to the ground state in TTM-3NCz than in PTM3NCz, which is fully consistent with the DFT results. Figure 3b shows the UPS spectra of the thin films. For PTM, PTM-3NCz and HPTM-3NCz, the low-binding-energy sides of the UPS spectra are markedly different. The onset in PTM is located at around 1.8 eV below the Fermi energy (E F = 4.7 eV), implying a first ionization energy (IE 1 ) of 6.5 eV, which is assigned to the SOMO orbital (to be compared with our calculated value of about −6.9 eV for an isolated radical molecule). The onset in the closedshell HPTM-3NCz molecule appears about 1.3 eV below E F , corresponding to an IE 1 value of about 6.0 eV; this is assigned to its HOMO, which is consistent with our calculated value of −6.5 eV for the NCz-localized HOMO. In the PTM-3NCz radical, the valence band onset coincides with that of HPTM-3NCz (rather than that of the PTM radical). This implies that the IE 1 values of the PTM-3NCz radical and the closed-shell HPTM-3NCz molecular system are very close, which fully agrees with the results of our calculations and CV measurements, showing that their HOMO energies are nearly equal. Importantly, the UPS data indicate that the highest occupied level in the PTM-3NCz radical is not the PTM SOMO but a doubly occupied level on the NCz group, and thus confirm the non-Aufbau behaviour. Similar UPS characteristics are also found in the TTM-PPTA and PTM-PDCz radicals (Fig. 3b) . We also note that, in contrast to PTM, the intensity of the UPS onset for TTM is very weak and no clear peak related to the SOMO is observed. As a result, the UPS spectra of TTM-PPTA and HTTM-PPTA are very similar over a larger energy range in comparison to the systems based on PTM. Overall, the results of the quantum-chemical calculations and the UPS and CV measurements establish a clear picture of the violation of the Aufbau principle in PTM-3NCz, TTM-PPTA and PTM-PDCz. In contrast to the D-A
• radicals discussed above, the valence band onset in the UPS spectrum of TTM-3NCz is located at a lower binding energy than that of HTTM-3NCz. This implies that the electronic structure of TTM-3NCz follows the Aufbau principle, which is attributed to the significant hybridization between the TTM and NCz orbitals, as obtained in the DFT results. We now turn to the photophysical properties of the radicals investigated here (Fig. 4 and Table 1 ). The optical absorption spectra of the PTM and PTM-3NCz radicals show an absorption maximum at about 380 nm, with an additional feature in PTM-3NCz at 607 nm. The quantum-chemical results allow us to assign the former to a local π-π* excitation on the PTM radical segment while the latter corresponds to a typical CT excitation: see the calculated natural transition orbitals 27 in Fig. 4a . In addition, we note that a similar low-energy absorption at about 566 nm is also found in PTM, which according to our calculations arises from an electronic transition involving orbitals localized on the PTM central carbon and on one of the tetrachlorophenyl groups. Moreover, the fluorescence spectrum of PTM-3NCz shows a significant redshift compared with that of PTM, as well as strong solvatochromic effects that are not observed in the pristine PTM radical (Supplementary Fig. 6 ). The intensity of the CT band is proportional to α. Therefore, a much weaker CT transition observed experimentally (Fig. 4b) and a smaller oscillator strength (f ≅ 0.0095) estimated by our DFT calculations in PTM3NCz are additional evidence of a smaller hybridization between the CT and neutral electronic configurations, compared with TTM3NCz 6 (f ≅ 0.123). Interestingly, in all the D-A
• systems, the reduction potential (electron affinity) of the D-A
• system is comparable to that of the A
• fragment. This can be explained by the fact that, after forming an anionic configuration (A − ), the CT transition involving the SOMO of PTM or TTM can no longer occur, which contributes to suppress the overall hybridization between donor and acceptor orbitals. This switching-off of the donor-acceptor electronic coupling also rationalizes why (1) the HOMO energy of the D-HA hydrogenated precursors is nearly equal to that of the D fragments and (2) the lowenergy transitions are not observed in the D-HA molecules.
We also performed transient absorption and photoluminescence (PL) measurements on PTM-3NCz, as shown in Supplementary  Fig. 11 . The photoinduced absorptions at around 600-700 nm and 1,550-1,650 nm are ascribed to characteristic absorptions of NCz + and PTM − , respectively 28 . The overlap of the decay curves of PL and photoinduced absorption of NCz + and PTM − , together with the results of steady-state spectra in solvents with different polarities, indicate that the lowest excited doublet state (D 1 ) in PTM-3NCz has a CT character, as shown in Fig. 4a . Thus, the transient absorption measurements also establish that the CT configuration in PTM3NCz has a higher energy than the neutral configuration, for which the unpaired electron lies on PTM; this supports our rationalization of why PTM-3NCz has a non-Aufbau ground-state electronic configuration. The photophysics data obtained for TTM-PPTA also point to D 1 being a CT state ( Supplementary Figs. 7 and 12 ). Similar photophysical characteristics were also found in other D-A
• radicals reported earlier 9 . The fluorescence quantum yield (Φ f ) of the PTM-3NCz radical in cyclohexane is very high, about 54.0% and 52.0% on excitation at 380 nm and 607 nm, respectively (Table 1) . Since no significant difference is observed for these two excitation wavelengths, it can be concluded that Kasha's rule is obeyed. These values are over 30 times higher than that of PTM (Φ f = 1.6%, excited at 377 nm). The radiative and non-radiative decay rates (k r and k nr ) of the radicals were obtained from the results of fluorescence quantum yield and lifetime ( Supplementary Fig. 8 ) (Table 1) . Interestingly, the k nr of the PTM-3NCz radical is 10 times lower than that of PTM. Such low k nr values were also reported in other D-A
• radicals 9 . It is useful to note that the non-radiative transition (internal conversion) rates from D 1 to D 0 depend on the square of their vibronic (non-adiabatic) couplings 29 . Since these couplings are proportional to the spatial overlap between the D 1 and D 0 wavefunctions (Supplementary Section S11) 29, 30 , the CT-excitation character of the D 1 state is expected to reduce the non-adiabatic couplings and thus the D 1 → D 0 internal conversion rates, as has been shown in the case of thermally activated delayed fluorescence emitters 31, 32 . Following earlier work 29, 33 , we have estimated the non-adiabatic couplings between the D 1 and D 0 states for PTM and PTM-3NCz (Fig. 4c) . The results indeed indicate that the D 1 -D 0 non-adiabatic couplings in PTM-3NCz are much smaller than those in PTM, which is in line with the experimental data.
We now assess the photostability of the D-A • radicals, which is an important element in the development of luminescent paramagnetic molecular-based materials 1, 34 . Here, all the radicals were exposed to pulsed laser radiation at 355 nm. In the case of the PTM radical, the emission is unstable and the fluorescence intensity decays rapidly, with a fitted half-life (τ 1/2 ) of only 102 s (Fig. 4d) . In contrast, the half-life of fluorescence intensity for PTM-3NCz greatly increases to 9.13 × 10 6 s, a value nearly five orders of magnitude higher than that of PTM and two to four orders of magnitude higher than those of other derivatives reported in the literature 6, [12] [13] [14] . We suggest that the origin of this remarkable stability improvement is twofold. (1) Due to the non-Aufbau behaviour of the D-A
• radicals, the SOMO electrons can be shielded by the outer HOMO electrons. (2) Compared with the local character of the π-π* excited states of the PTM radical, the CT nature of the D 1 excited states can make the photocyclization reactions in the D-A
• radicals more difficult. We note that, in addition to the PTM-3NCz radical, enhanced fluorescence quantum yield and improved photostability are also observed in other D-A
• radicals, such as PTM-PDCz, PTM-PCz, PTM-3PCz and TTM-PPTA (Supplementary Table 2 and Supplementary Fig. 10 ).
Due to the carbon-chlorine bond cleavage issue, we were unable to use these radical emitters to fabricate OLEDs via vacuum thermal evaporation. Thus, OLED devices based on the PTM-3NCz emitter were solution processed and fabricated by means of spin coating (Device fabrication and measurement), as shown in Fig. 5a . The devices display deep-red/NIR emission with an electroluminescence peak at about 700 nm (Fig. 5c inset) . The maximum EQE of the optimized device is about 5.3%, which ranks among the highest EQE values for deep-red/NIR OLED devices exploiting purely organic emitters 35, 36 (Supplementary Table 3 ). Figure 5b ,c shows the current-density-voltage and radiance-voltage profiles of this device and the evolution of the EQE value versus current density, respectively. The electroluminescence spectra from 10.5 V to 15 V are shown in Supplementary Fig. 13a ; there appears to be no significant change as the voltage increases across this range, which confirms that the device emission originates from the PTM-3NCz. The data for five other solution-processed OLED devices are given in Supplementary Fig. 13b . A more detailed discussion of the radicalbased OLEDs is given in Supplementary Section S15.
In summary, we have designed donor-acceptor neutral radicals based on the electron-poor PTM or TTM radical group combined with different electron-rich groups. Due to the strong electronwithdrawing ability of the PTM (TTM) radical, the energy of the singly occupied level (localized on PTM (TTM)) is lower than that of the HOMO level from the donor group. This results in the violation of the Aufbau principle, confirmed by the results of quantum-chemical calculations as well as optical absorption, UPS and CV data. The non-Aufbau behaviour of these D-A
• radicals leads to excellent photostability (for example, fluorescence intensity halflives of up to several months). The fluorescence quantum yields are high (up to 54%), due to significantly reduced non-radiative transition rates. In addition, OLEDs exploiting one of the D-A
• radical derivatives as emitter show deep-red/NIR emission at 700 nm, with a maximum EQE as high as 5.3%.
Overall, our work provides a simple molecular-design strategy for organic luminescent radicals that do not follow the Aufbau principle and demonstrate simultaneously high luminescent quantum yields and high photostability. It also paves the way toward highefficiency OLEDs exploiting purely organic non-Aufbau-radical molecules with deep-red or NIR emission.
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